The contribution of recharge to regional groundwater flow systems is essential information required to establish sustainable water resources management. The objective of this work was to determine the groundwater outflow in the Ribeirão da Onça Basin using a water balance model of the saturated soil zone. The basin is located in the outcrop region of the Guarani Aquifer System (GAS). The water balance method involved the determination of direct recharge values, groundwater storage variation and base flow. The direct recharge was determined by the water table fluctuation method (WTF). The base flow was calculated by the hydrograph separation method, which was generated by a rain-flow model supported by biweekly streamflow measurements in the control section. Undisturbed soil samples were collected at depths corresponding to the variation zone of the groundwater level to determine the specific yield of the soil (drainable porosity). Water balances were performed in the saturated zone for the hydrological years from February 2004 to January 2007. The direct recharge ranged from 14.0% to 38.0%, and groundwater outflow from 0.4% to 2.4% of the respective rainfall during the same period.
INTRODUCTION
The increased water demand for domestic, industrial, and agricultural use associated with the rising deterioration of surface water has resulted in the need for having water that is available in large volumes, of good quality, relatively inexpensive and available over a long period of time. This situation has led to the increased use of groundwater. Therefore, the quantification of groundwater recharge is a vital precondition for an efficient management of water resources (Moon et al. 2004 , Dewandel et al. 2010 , particularly in semi-arid regions (Scanlon et al. 2006 , Smerdon et al. 2010 and areas where there is overexploitation (Hugman et al. 2012) , i.e., the water extraction from the aquifer is higher than its natural replenishment. The identification of recharge sources and the definition of a conceptual model of flow mechanisms are of paramount importance.
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Water that moves downward from the surface below the root zone is termed as groundwater recharge, deep drainage or deep percolation. The groundwater recharge is the most difficult component of the hydrological cycle to determine, and its estimates present a high degree of uncertainty. This fact is due in part to the lack of a direct measurement methodology and, subsequently, to the limited availability of existing information (Healy 2010) . Depending on the number of sources and processes, recharge can be quantified by various methods (Lerner et al. 1990 , Simmers 1989 , Kinzelbach 2002 . Each method has its own applicability and reliability limitations (Lerner et al. 1990 , Beekman et al. 1996 , De Vries and Simmers 2002 , Sanford 2002 . Scanlon et al. (2002) presented a large variety of procedures for estimation of groundwater recharge.
For management (Arnold et al. 2000, Hirata and Conicelli 2012) and economic reasons (Raudsepp-Hearne et al. 2010) it is important to know how much water a recharge basin contributes to the regional flow system. This information is important since generally the groundwater is extracted in locations different from the recharge areas. Part of the groundwater recharge stored in the aquifer is drained to the gaining streams as base flow, characterizing the local flow systems (Fetter 1994) . On the other hand, part of the groundwater recharge may leave the basin through the bottom boundary, flowing to deeper confined aquifers. This portion of groundwater recharge will be defined as groundwater outflow to the regional flow system. The exploitation for public water supply in other region may be seen as a basin contribution to ecosystem services (Naeem et al. 1997) .
In this work the groundwater recharge at an outcrop zone is determined, and the contribution to the regional groundwater flow system of the Guarani Aquifer System (GAS), is evaluated. The GAS (Araújo et al. 1999 , Sracek and Hirata 2002 , Wendland et al. 2007 , Rabelo and Wendland 2009 , Gómez et al. 2010 ) is one of the most important transboundary aquifers in the world. Located in the territory of four countries, Argentina, Brazil, Paraguay and Uruguay, its area is estimated to 1.2 million km 2 (Foster et al. 2004 ). Due to the strategic, social and economic importance of this aquifer for the four countries, it is necessary to determine the recharge rate for management purposes. However, there are few scientific studies in this area and many questions are still unanswered. The basic hypothesis is that the groundwater recharge and outflow to the regional flow system can be determined using the water balance method in the saturated zone of small basins with a dense instrumentation network for hydrogeological studies. This method avoids the uncertainties related to interception phenomena, evapotranspiration and soil moisture estimates. However, the procedure requires intensive monitoring of water level variation in the wells and a careful determination of the specific yield (drainable porosity) of the basin soil (Maréchal et al. 2006 , Tan et al. 2007 . For the present study the specific yield was determined in laboratory tests using undisturbed soil samples taken at various places and depths within the basin.
LOCATION AND DESCRIPTION OF THE BASIN
The Ribeirão da Onça basin is located in the Midwestern region of São Paulo, Brazil, in the city of Brotas, between the latitudes 22°10' and 22°15' South and the longitudes 47°55' and 48°00' West ( Figure 1) .
Most of the basin is located over sandstone layers of the Botucatu Formation, corresponding to the Guarani Aquifer System outcrop. Downstream, close to the basin outlet, the Ribeirão da Onça creek flows over diabase sills. Both units are part of the São Bento Group from the Mesozoic Era (Araújo et al. 1999) . The geological section through the basin is shown in Figure 2 . The Ribeirão da Onça basin is covered by Cenozoic sediments found in most of the interior of the state of São Paulo. This soil presents a thickness of generally less than 10 m, often separated from the RECHARGE CONTRIBUTION TO THE GUARANI AQUIFER SYSTEM underlying layer by a line of pebbles (Bortolucci 1983 ). This sediment is not compacted and has fairly small particles, providing a very porous structure with two dominant textures: sandy (predominant in the basin) and clayey (near the basin's outlet).
From the hydrogeological point of view the Cenozoic sediments, with a thickness of tens of meters, correspond to the more active part of the groundwater dynamics, presenting fast replenishment by direct recharge and high flow velocity to the drainage (Ribeirão da Onça creek). The underlying Guarani Aquifer System is a consolidated sandstone with lower hydraulic conductivity (order of 10 -5 m/s). Vertical groundwater outflow from the Cenozoic sediments is accounted as the basin contribution to the regional flow system of the Guarani Aquifer System.
The mean annual temperature in the basin is 20.5°C based on values obtained from the Climatic Station of CRHEA/EESC/USP (Center for Water Resources and Applied Ecology, Engineering School of São Carlos, University of São Paulo). The Koeppen climate classification for the region indicates that the basin has a humid subtropical climate with a wet summer and a dry winter. The regional average annual precipitation is 1,500 mm. The characterization of precipitation occurrence in the Ribeirão da Onça basin was initiated by Pompêo (1990) , who installed three pluviographs at different locations. The data series in the triennium 1985 to 1987 showed that the daily totals were very similar among the three pluviographs, proving the uniformity of rainfall in the basin. EDSON WENDLAND, LUIS H. GOMES and UWE TROEGER The Ribeirão da Onça basin is commonly used for agricultural and livestock purposes; paved and industrial areas are not observed. The land vegetation, which was originally cerrado (savanna), now consists of pastures, sugar cane, orange, and eucalyptus plantations, fl oodplain areas and crops such as soybeans and peanuts (Manzione et al. 2012) .
MATERIALS AND METHODS
A technical device to directly measure the vertical groundwater outfl ow into a regional groundwater fl ow system is not available. Consequently, the groundwater outfl ow has to be determined indirectly as a volumetric water balance in a control volume during a defi ned period of time. In this study the control volume (Fig. 3 ) is assumed to be the saturated zone of the Cenozoic sediments, with the upper limit defi ned by the free water table and the lower limit defi ned by the interface to the sandstone sediments of the Guarani Aquifer. The water balance is given as
The input into the control volume is the direct recharge (R d ). Outputs from the system are the base fl ow (Q b ) and the groundwater outfl ow (G o ). The groundwater outfl ow refers to vertical water movement into a lower aquifer, which in this case is the Guarani Aquifer. The variation in stored volume (ΔS) is obtained from the water level difference between the beginning and the end of the evaluation period. All variables are expressed in terms of rates (e.g., mm/y).
This conceptual model does not consider water losses due to evaporation and evapotranspiration from the free water table. Evaporation is likely to be insignifi cant since the groundwater level is more than 5.0 m below ground surface and capillarity effects are insufficient to reach that height in a sandy soil. In the study area there are no wells exploiting groundwater. Upward flow from the GAS is not expected since the watershed is located in a topographic high area. The major advantage of the water balance method is the fact that it depends on easily available data (run off, water levels etc). However, the main limitation is that the recharge evaluation depends on the precision of the other components of the equation (Scanlon et al. 2002) .
The direct recharge (R d ) represents the amount of water arriving at the water table from the surface. The direct recharge is calculated using the water table fluctuation method (WTF) (Lerner et al. 1990 , Scanlon et al. 2002 . This method is based on measurements of water table levels in monitoring wells for a predetermined time period and is estimated as (Healy and Cook 2002, Scanlon et al. 2002 )
where S y is the specific yield, h is the groundwater level, and t is the time. The Δh variation is the difference between the peak of the upslope curve and the lowest point of the antecedent recession curve extrapolated to the time that the peak occurred (Fig. 4) . The extrapolated recession curve is the hydrographic trajectory of the monitoring well in the absence of any water level rise and represents the continued losses (Q b and G o ) during the recharge period. Exponential equations are used for this extrapolation as is usually applied for surface water hydrographs (Singh and Stall 1971 ). The underground storage variation (ΔS) in an unconfined aquifer during the monitoring period is estimated as:
where Δh b is the water table variation during the period of the water balance calculation. For this study nine wells (05, 08, 13, 14, 15, 16, 17, 18 and 19) were used, as shown in Figure 5 . These wells are representative for the different land uses in the basin. Ignored wells are located outside the basin or did not have continuous data for the study period. In dry years the water table fell below the well bottom and the data series was not continuous, invalidating any evaluation. These monitoring wells are too shallow and should have been drilled deeper.
Both equation 2 and 3 depend on the specific yield (S y ), which corresponds to the drainable porosity of the medium. In order to increase the reliability of the recharge estimates, undisturbed soil samples were collected (Fig. 5 ) at depths that correspond to the water table variation. The undisturbed samples were analyzed using the Haines funnel technique (Haines 1930) , in which the soil is submitted to a fixed water tension. The principles and equations upon which the equipment is based, are described by Libardi (1995) . Three samples were tested for each location and depth (Gomes 2008) . In addition to the specific yield, which is related to macroporosity, the total porosity was also determined weighing the oven dried samples. Disturbed soil samples were used to determine particle size and to construct the granulometric curves to characterize the soil.
Base flow (Q b ) was measured twice a month directly in the control section using a flowmeter (Model MLN-7, JCTM). The discharge was quantified using the midsection method (Turnipseed and Sauer 2010) . A runoff model was also applied to the study area. The basin physical parameters required for the IPHS-1 code (Collischonn and Tucci 2001) were determined for a maximum flow discharge of 2.5 m 3 /s. This was the maximum value EDSON WENDLAND, LUIS H. GOMES and UWE TROEGER observed at the control section according to studies by Contin Neto (1987) , Pompêo (1990) , Arantes (2003) and Barreto (2005) .
RESULTS
In this section meteorological data, water levels in the monitored wells and base flow obtained in the The monitoring data indicated that rainfall events during the period from November to March (with a peak in January) resulted in a rise in water levels in the wells, with maximum values generally in February. Therefore, we can consider that the period of recharge corresponds to the months (Fig. 6 ) of hydraulic heads for the dry and rainy seasons in the basin in which the wells are located. The dates chosen for the map were February 15, 2005 with the higher water levels in the wet season, and December 15, 2006 with the lowest values at the end of the dry period. Although the number of monitoring wells is limited, especially at the highest points of the basin, the generated map appears reliable and enables the comprehension of the flow system. Note that the hydraulic head curves for the two periods almost coincide in the region near the stream and separate near the divide of the basin, and that the variations in water levels are higher in this region. The potentiometric map shows the flow directions, indicating that the groundwater divide is very close to the surface water divide in this basin and demonstrates the influence of the surface drainage. Only one side of the watershed was monitored and evaluated. Due to monitoring logistic (e.g., large distances to be traversed) the wells were installed on only one side of the basin. Since the land uses on both sides of the watershed are similar, the monitored half is considered to be representative. All the evaluated values for the water balance are normalized by the respective areas in order to get consistent rates [mm/a].
SPECIFIC YIELD (S Y )
The specific yield is approximately equal to the storage coefficient, which is generally less than the porosity of the medium. The soil samples, collected at depths that correspond to the range of variations in the groundwater level, were used to determine the specific yield. Disturbed samples were used to characterize particle size. Rows of pebbles were found during the collection of samples, confirming the characteristics of Cenozoic sediments described by Bortolucci (1983) .
The average specific yield ranged from 8.5% to 15.9% according to the spatial distribution of the sampling points (see Fig. 4 ). It was verified that this value increased as a function of depth in some of the soil sampling wells (Ssw 02, 03 and 05). However, this behavior was not observed elsewhere (Ssw 01 and 04). Values of the specific yields of samples at various depths were condensed and are presented in Table I (Gomes 2008). The collected samples presented an overall average specific yield of 12.0% and a standard deviation of 2.9%, maintaining the spatial uncertainty of this parameter. In addition to the specific yield, which is related to macroporosity, the soil microporosity was also determined using an oven to dry the samples. Soil granulometry analysis was performed for different collection points, and granulometric curves were plotted to characterize the soil. From the average granulometric composition of the tested samples, the fine sand percentage value (65%) is the highest, followed by the medium sand value (20%). 
DIRECT RECHARGE
The direct recharge is equivalent to the amount of water that percolated below the root zone and was calculated using the water table fluctuation method (WTF) (Lerner et al. 1990 , Scanlon et al. 2002 . Figure 7 shows the method applied to the water level variations in well 18, located in a meadow in the Ribeirão da Onça basin.
This well is 29 m deep with 4-inches casing. The well is screened between 21 m and 29 m depth. As shown in Figure 7 , the groundwater level varies approximately between 10 m and 17 m below surface.
Water Mean water depth was defined as the average value of maximum and minimum water depth observed at each hydrological year. Specific yield for each well was determined according to the distance to the soil sampling wells and to the mean water depth. In order to estimate an average recharge value for the whole basin, an area of influence for each well was estimated. It was observed that the direct recharge evaluated for each well is influenced by the mean water depth. Since the mean water depth increases with growing distance perpendicular to the drainage axis, the distance to a creek was used to define the areas of influence. The influence areas, indicated in Table II , were used as weighing factors leading to a weighted average of the direct recharge in the basin. Direct recharge as a percentage of rainfall was estimated as 32%, 14% and 38%, for the hydrologic periods between 2004 and 2007, EDSON WENDLAND, LUIS H. GOMES and UWE TROEGER respectively. Barreto (2005) estimated the direct recharge as 29% of the total precipitation (1410 mm) during the period of his assessment (January to December, 2005) in the same basin.
The change in underground storage in an unconfined aquifer drained by a watercourse is equal to the change in water volume that occurs when the level of the aquifer varies in relation to the previous level. Figure 8 shows the determination of the storage variation specified for well 18. It is notable that there was a sharp drop in the volume of water stored during the 2005/2006 season due to the lower rainfall during this period. The rainfall amount decreased by 17% compared to the previous period, resulting in a significant reduction in aquifer storage (-130 mm). However, during the 2006/2007 period, there was an increase in rainfall (42% increase compared to the previous period), resulting in a recovery of the volume stored in the basin (176 mm). For the other wells the behavior is similar. The base flow and surface outflow were estimated using a series of rainfall totals in the basin and a series of discharges. The base flow was determined from a rain-flow model applied to the study area (Gomes 2008). The parameters used for generating flows with the IPHS 1 software (Collischonn and Tucci 2001) were determined so that the maximum flows were less than 2.5 m 3 /s.
The model was calibrated based on the discharges measured twice a month, with a flowmeter in the control section. The maximum flow was calculated as 2.1 m 3 /s. The hydrographs of total and base flows are shown in Figure 9 . The base flow presents a well-characterized seasonal behavior as it rises during the rainy season from October to March, shows depletion in April, and reaches minimum values in September.
Base flow values closely mimic the rainfall value for the period, ranging between 24% and 26% of the precipitation. This small variation shows the constancy of the general conditions of the basin during this monitoring period. Surface flow (runoff) during rain events shows a variation of 1.2% to 3.3% of the precipitation. These values are compatible with 1.5% of the rainfall in the basin, as obtained by Contin Neto (1987) . The low values result from sandy soils, flat relief and low runoff in the basin.
WATER BALANCE IN THE SATURATED ZONE
The water balance methodology assumed the saturated soil region in the basin as the control volume. Following the principle of continuity, the system input is represented by direct recharge (R d ), whereas the system output is given by the base flow (Q b ) and groundwater outflow (G o ). The variation of the underground stored volume (ΔS) is determined from the variation of the level in the monitoring wells during the hydrological year.
The model considered lateral contribution to be zero because of the location of the basin at high topographic elevation in the region, with the groundwater divide coincident with the surface water divide. The following equation represents the water balance: 
DISCUSSION
The objective of this study was to estimate the groundwater recharge in the Ribeirão da Onça basin using the water balance method in the saturated zone of soil, supported by hydrogeological monitoring data. Furthermore the outflow to the regional GAS was to be quantified. The following variables of the hydrological cycle were monitored and/or determined: precipitation, groundwater level, total and base level stream flow. Aquifer level data were used to estimate direct recharge and changes in groundwater storage volumes.
The average specific yield (S y ) determined for the soil was 12.2%, with a standard deviation of 2.9%. The values determined in the laboratory for undisturbed soil samples were shown to be consistent with those in the literature , which range between 10% and 28% for the same textural class. Using the WTF method in the Ribeirão da Onça basin, the direct recharge for the 2004 to 2007 period ranged between 164 mm and 656 mm, i.e., 14% to 38% of the rainfall during the respective periods. The variation in storage was negative (-130 mm) during the hydrologic year (2005) (2006) with less precipitation. This was a very dry period; the precipitation was below the long term average, resulting in a significant drainage of the aquifer. The base flow estimated by a hydrologic model was between 24% and 26% of the total precipitation in the Ribeirão da Onça basin during the study period. In previous studies, Barreto (2005) estimated the base flow to be 30% of the precipitation. Runoff ranged from 1.2% to 3.3% of the total precipitation, being consistent with values obtained from previous studies conducted in the basin (Contin Neto 1987 , Pompêo 1990 , Barreto 2005 . Using the water balance in the saturated zone, the groundwater outflow to the regional flow system during the period from 2004 to 2007 was estimated to be lower than 3.0% of the total precipitation. The values show that the recharge rates of the Guarani Aquifer System (GAS) are actually low in this region.
The obtained results indicate that the GAS in the study area is filled with water. Despite high values of direct recharge (up to 656 mm/year in 2006/2007), this water cannot be stored in the GAS due to the absence of storage. Consequently, the recharged water is removed from the recharge area in the form of surface drainage, reaching annual base flow values between 289 and 438 mm/year. The difference between the direct recharge and base flow observed during the study period reflects mainly the variation in groundwater levels (storage variation) in Cenozoic sediments that overlie the aquifer. From the viewpoint of sustainable exploitation, it is expected that, with increased uptake through pumping wells, the aquifer storage created will be filled by recharge water, causing a reduction in the base flow.
The findings of this study are based on annual values of surface water flow that were calculated by a runoff model calibrated for the basin. This variable is the primary source of uncertainty in the water balance and should be measured continuously, reducing the uncertainty of the results. The estimated groundwater outflow through the lower boundary of the control volume is in the range of measurement errors of the monitored variables. The obtained recharge values have to be seen as expected magnitudes and not as exact numbers. The use of complementary techniques (e.g., hydrogeochemical, isotopic, temperature measurement) is necessary and should be tested in the future. However, long term water level monitoring is relatively less expensive and has been preferred for economic reasons. The continued monitoring of hydrological variables in the Ribeirão da Onça basin is of great importance for future studies. Such studies should provide more precise data aiming at a better understanding of the mechanisms governing the Guarani Aquifer System behavior in its outcrop areas.
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